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Abstract 


Small particle-sized orthorhombic LiMnO, powders were prepared via Pechini’s route with Li/Mn molar ratio ranging between 1.00 and 
1.20, followed by calcinations at 300°C in air and heat-treatment at temperatures between 700 and 900°C for various durations under flowing 
nitrogen. The effects of heat-treatment conditions and starting Li/Mn molar ratio on the crystalline structure and the electrochemical properties 
were investigated with XRD, SEM, and capacity retention study. Orthorhombic phase were found exclusively in the samples prepared with starting 
Li/Mn molar ratios between 1.00 and 1.05 followed by heat-treatment at 800°C for 15h, whereas monoclinic Li, MnO; and tetragonal LizMn 04 
were also observed in the samples prepared with Li/Mn ratios higher than 1.10. The charge/discharge curves of capacity retention studies and 
the cyclic voltammograms showed that the transformation of o-LiMnO, into cycle-induced spinel phase proceeds more progressively and the 
capacity loss upon cycling are more significant for the samples containing the impurity phases than the well-ordered o-LiMnO, sample. The 
sample synthesized with starting Li/Mn ratio of 1.05 followed by heat treatment at 800 °C for 15 h showed the most promising cycling performance 
among the prepared powders with the maximum discharge capacity of 158 mAh g™! at 20th cycle and capacity loss of 3% between 20th and 80th 


cycles at 30°C. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


Lithium ion batteries have become important power sources 
for portable electronics, such as notebook computers, cellu- 
lar phones, and digital cameras. Due to the high cost and 
safety issues of the currently used cathode material, LiCoOz, 
many efforts have been done to look for the alternative cathode 
materials. Among the promising candidates of the cathode mate- 
rials for secondary lithium batteries, such as LiMn2O4 [1-3], 
LiNip.gCog.202 [4-6], LiNi4/3Co01/3Mn4/302 [7,8], LiFePO, [9], 
and LiMnOy [10-12], layer LiMnO shows advantages in cost, 
safety, and high theoretical capacity of 285 mAh g7! which is 
twice of spinel LiMn 20,4 for the same Mn*+/Mn?* redox cou- 
ple [13,14]. However, layer LiMnOz suffers from its capacity 
loss due to the phase transformation to spinel-like phase upon 
cycling [15,16]. Although, orthorhombic LiMnO) also exhibits 
phase transformation into spinel-like LiyMn204 upon cycling, 
orthorhombic LiMnO 2 was proved to show good cycleability 
[10-12]. 
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o-LiMnO2 materials have generally been prepared by a 
solid state reaction methods by heating the mixtures of man- 
ganese oxides and lithium salts under inert atmosphere at high 
temperatures [17-21] or heating an equimolar mixture of y- 
MnOOH and LiOH at temperatures between 300 and 450°C 
under dry nitrogen or argon [21,22]. Wet chemical processes 
of ion exchange [23], hydrothermal [24,25], sol-gel [26], and 
reverse-microemulsion [27] methods were also applied to syn- 
thesize o-LiMnO 2. However, the electrochemical behavior of the 
o-LiMnO)} is greatly dependent on the synthetic route. Although 
Croguence et al. showed that small crystallite size and stacking 
faults in the crystal structure are important for the electrochemi- 
cal activity of o-LiMnOp> [18,28]. Jang et al. reported o-LiMnO2 
materials with high capacities and good cycling stability were 
prepared by firing homogeneous precursor in a reduced oxygen 
partial pressure atmosphere to give samples with small crystal- 
lite size but a low content of stacking faults [16]. They suggested 
that Jahn Teller transformation is suppressed by cation disorder 
and the formation of nanodomains structure, which provides 
an elasticity to accommodate the orthorhombic-spinel transfor- 
mation strains and anisotropic change in volume arising from 
cycling a highly ordered material prepared by high temperature 
synthesis route. Moreover, Lee et al. manifested that grinding 
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treatment can promote the cycling capacity and activate the ini- 
tial lithium insertion-extraction of high-temperature prepared 
well-defined o-LiMnO, powders at 3 V region [29]. Therefore, 
the electrochemical behaviors of o-LiMnO, cathode materials 
are significantly dependent on the crystalline size, particle size, 
and size distribution. 

Though the high temperature prepared o-LiMnO2 materials 
generally have better cycling stability over 3 and 4 V regions 
than those prepared at low temperatures, they often have large 
particle size and show rate capability limitations. Grinding can 
reduce the average particle size of the prepared powders, how- 
ever, impurities and defects may also be introduced to degrade 
the electrochemical properties of the prepared o-LiMnO2 pow- 
ders. In the presentation, well-crystallized o-LiMnO, powders 
of small particle size were prepared via Pechini’s route. The elec- 
trochemical properties of the as-prepared o-LiMnO} for lithium 
ion batteries are presented herein. 


2. Experimental 


o-LiMnO2 powders were prepared via Pechini’s route that 
was illustrated elsewhere [30,31], with Li/Mn molar ratio 
ranging between 1.00 and 1.20. Then the precursors were cal- 
cined at 300°C in air for 6h and heat-treated at temperatures 
between 700 and 900 °C under flowing nitrogen for 10-20 h fol- 
lowed by oven cooling to room temperature. The compositions 
of the resulting powders were analyzed by using an induc- 
tively coupled plasma spectrometer (ICP-OES, Optima 2100DV, 
Perkin-Elmer, USA). The powder X-ray diffraction (XRD 6000, 
Shimazu, Japan) using Cu Ke radiation was employed to iden- 
tify the crystalline phase of the prepared powders. The particle 
morphologies of the resulting samples were observed with a 
scanning electron microscope (SEM, JSM 5600, Hitachi, Japan). 

The sample electrodes for the electrochemical studies were 
made by blending the prepared powders with acetylene black and 
polyvinylidene fluoride (PVDF) with weight ratio of 83:10:7 in 
N-methyl pyrrolidone (NMP), then the resultant slurries were 
coated onto Al-foil substrate, followed by heating at 110°C for 
24 h, punching into disk electrodes (10.0 mm in diameter), press- 
ing, and heating again at 110°C for 8 h. Thus prepared electrodes 
with about 2 mg active material were used as the working and the 
cathode electrodes for assembling three-electrode and CR2032 
coin-type cells with lithium as anode, counter, and reference 
electrodes, Celgard 2400 as separator, 1M LiPFęe in EC-DEC 
(1:1 by volume) as electrolyte in an argon filled glove box. The 
three-electrode cells were used for cyclic voltammetry (CV) 
studies by connecting with a potentiostat/galvanostat (Volta- 
lab PGZ-402, Radiometer Analytical, France) and scanned 
at 0.1mVs~! rate between voltage limits of 2.5 and 4.5 V. 
The capacity retention studies were performed by cycling the 
CR2032 coin-type cells at current rate of 0.1C (about 0.03 mA) 
with cutoff voltages of 2.5 and 4.3 V at 30 and 50°C. 


3. Results and discussion 


The XRD patterns of the samples prepared by calcinations at 
300°C in air for 6h followed by heat-treatment at various tem- 
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Fig. 1. The XRD patterns of the powders prepared with starting Li/Mn molar 
ratio of 1.05 by calcinations at 300°C for 6h in air and then heat-treatment at 
various temperatures for 15 h under flowing nitrogen: (a) 700 °C; (b) 750 °C; (c) 
800 °C; (d) 900°C. 


peratures for 15h with starting Li/Mn molar ratio of 1.05 are 
shown in Fig. 1. It is found that orthorhombic LiMnOp forms in 
the sample heat-treated at 700 °C in company with monoclinic 
LizMnO3 and tetragonal LiMn204. The diffraction peaks cor- 
responding to the orthorhombic structure become prominent and 
the peak intensities increase with heat-treatment temperature as 
the samples were heat-treated at temperatures between 700 and 
800°C. Orthorhombic phase is observed exclusively without 
other second phase in the sample heat-treated at 800°C. As 
can be seen in Fig. 1, the sharp (110) peak depicts that the 
800°C prepared o-LiMnOy via the Pechini’s route is consid- 
ered to have well-ordered orthorhombic structure. From further 
conformation with Rietveld refinement, the lattice parameters 
of a=4.573(7), b=5.750(5), and c=2.804(2) A were obtained 
with Rp =7.36%, x = 2.54(3), Rwp = 6.45%. These results agree 
well with those synthesized by other methods reported in the lit- 
eratures and the structure of the prepared powder belong to the 
space group Pmnm [12,24,27,29]. In the 900°C sample, spinel 
LiMn20; is observed in addition to the orthorhombic phase. It 
may be attributed to the Li loss in the sample that was proved by 
the Li/Mn molar ratio of 0.97 in the prepared powder analyzed 
with ICP. The SEM photographs of the powders prepared at 
various temperatures with Li/Mn molar ratio of 1.05 are shown 
in Fig. 2. It is found that the particle size increases slightly to 
200 nm in diameter as the heat-treatment temperature increases 
from 700 to 800°C, however, sintered particles with diameters 
of 2 ~ 3 wm are observed in the 900 °C sample. These values are 
larger than those of the powders prepared by other wet chemical 
methods [26,27]. 

Fig. 3 shows the XRD patterns of the powders prepared with 
various starting Li/Mn molar ratios and then calcined at 300 °C in 
air for 6 h followed by heat-treated at 800 °C for 15 h under flow- 
ing nitrogen. While only orthorhombic phase is observed in the 
samples prepared with starting Li/Mn molar ratios of 1.00.and 
1.05, monoclinic LizMnO3 and tetragonal LizMn2Oy are also 
found in the samples prepared with starting Li/Mn molar ratios 
of 1.10.and 1.20 that may be owing to the excess of Li in the 
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Fig. 2. The SEM photographs of the powders prepared with starting Li/Mn molar ratio of 1.05 by calcinations at 300°C for 6h in air and then heat-treatment at 
various temperatures for 15 h under flowing nitrogen: (a) 700 °C; (b) 750 °C; (c) 800 °C; (d) 900°C. 


powders. These high Li/Mn ratio samples exhibit high stack- 
ing faults in the structure that can be revealed from the broaden 
(1 10) peak in the XRD patterns shown as Fig. 3(c) and (d) [32]. 
The high stacking faults may be induced by the existence of 
LizMnO3 and Li2Mn204. 

From the initial charge/discharge curves of the coin-type 
cells shown in Fig. 4, characteristic initial charge and discharge 
plateaus at 3.6 and 3.0 V of o-LiMnOy are found for the cells 
with cathodes prepared with Li/Mn = 1.00 and 1.05 as previously 
reported [18,22,24,25,29]. In Fig. 4(c) and (d), in addition to the 
charge and discharge plateaus of o-LiMnOz, the charge plateau 
at 4.1 V and discharge plateau at 3.9 V are also observed for 
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Fig. 3. The XRD patterns of the powders prepared by calcinations at 300 °C for 
6h in air and then heat-treatment at 800°C for 15 h under flowing nitrogen with 
various Li/Mn molar ratios: (a) 1.00; (b) 1.05; (c) 1.10; (d) 1.20. 


the samples prepared with Li/Mn=1.10 and 1.20. That means 
the existence of tetragonal Liz?Mn20; in the samples and more 
spinel-like behavior is observed in the initial discharge process. 
The lowering of the characteristic initial charge plateau at 3.6 V 
to around 3.5 V may be caused by the existence of LizMn204 
[33]. As observed previously by Shu et al. [34], these materials 
also show large initial irreversible capacities due to the phase 
transformation from orthorhombic to spinel-like phase. It had 
been suggested by Thackeray that Lit ion de-lithiated from the 
octahedral sites on charging and the Mn?* ions migrate from 
the octahedral sites to neighboring vacant octahedral sites at the 
same time, such that Li* ions cannot re-insert into the original 
octahedral sites and high irreversible capacity at initial cycle 
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Fig. 4. Initial charge and discharge curves of the coin-type cells comprised with 
cathode prepared with various Li/Mn molar ratios. Cycling was carried out at 
0.1C rate between 4.3 and 2.5 V at 30°C. 
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Fig. 5. The typical charge and discharge curves of the coin-type cells com- 
prised with cathode prepared with various Li/Mn molar ratios: (a) 1.05; (b) 
1.20. Cycling was carried out at 0.1C rate between 4.3 and 2.5 V at 30°C. 


was observed [14]. The existence of Li2MnO3 and LizgMn O04 
or stacking faults may accelerate the transformation that can be 
manifested by the charge/discharge curves shown in Fig. 5 and 
thus reduce the irreversible capacity of the initial cycle. 

From the typical charge and discharge profiles, shown in 
Fig. 5(a), of the well-ordered sample prepared with starting 
Li/Mn molar ratio of 1.05, the length of the 4 and 3 V plateaus 
getting longer simultaneously for the initial cycles. The dis- 
charge capacities in the 4 and 3 V regions increase from 10 and 
50 mAh g7! for the first cycle to 70 and 88 mAh g~! for the 20th 
cycle, respectively. With further cycling, the discharge capacity 
of the 4 V plateau increases further and becomes 75 mAh g™!, 
while the capacity of the 3 V plateau decrease to 83 mAh g7! 
after 30 cycles. Though no capacity loss was found during 20th 
and 30th cycles, reordering of LIT toward the cycle-induced 
spinel-like structure is in progress. For the sample prepared with 
Li/Mn molar ratio of 1.20, which exhibits high stacking faults, 
the phase transformation of the orthorhombic phase into spinel 
one is more progressive than the well-ordered o-LiMnO2 sam- 
ple. As shown in Fig. 5(b), the discharge capacities in 4 V and 
3 V regions increase from 25 and 80 mAh g7! for the first cycle 
to 60 and 115 mAh g7! for the 12th cycle, respectively. The 
discharge capacities maintain at the same values till 15th cycle 
and then the capacity at 3 V region decreases to the value of 
105 mAh g7! after 20 cycles while the capacity at 4 V remains 
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Fig. 6. The plot of charge and discharge capacities vs. number of cycles for 
the coin-type cells comprised with cathode prepared with various Li/Mn molar 
ratios. Cycling was carried out at 0.1C rate between 4.3 and 2.5 V at 30°C. 


unchanged. As reported previously [16,22,25], the capacity fad- 
ing of the o-LiMnO 2 materials is mainly due to the loss in 3 V 
region, which may by caused by the collective Jahn-Teller dis- 
tortion of cycle-induced spinel phase. The cycling performance 
of the samples prepared with various starting Li/Mn molar ratios 
are shown in Fig. 6. It is found that the samples with LiyMnO3 
and LizMn2Oy4 phases have lower initial irreversible capacities 
than the well-ordered o-LiMnO2 samples, however, the second 
phases containing samples manifest higher capacity fade than 
the later. The capacity of the well-ordered o-LiMnO, samples 
increases upon cycling and becomes saturated after 20 cycles 
while the profiles of the samples prepared with starting Li/Mn 
ratios of 1.10 and 1.20 reach the maximum capacity at 12th cycle 
and the capacities decrease thereafter. The capacity loss is con- 
tributed predominantly by the fade around 3 V plateau as shown 
above. 

The transformation of o-LiMnO2 samples from orthorhom- 
bic into spinel-like phase upon cycling had been studied with 
ex situ and in situ XRD studies [16,25,27,35], and differential 
capacity plot [16,18,25]. The cyclic voltammetry can also be 
used to reveal the reactions occur during the transformation. 
Fig. 7 shows the cyclic voltammograms performed at a scan 
rate of 0.1mVs~! over the potential range between 2.5 and 
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Fig. 7. Cyclic voltammograms of the o-LiMnO2 prepared with Li/Mn molar 
ratio of 1.05 at 0.1 mV s~! scanning rate between 2.5 and 4.5 V. 
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Fig. 8. Cycling performance of well-ordered o-LiMnO> prepared with starting 
Li/Mn molar ratio of 1.05 at 30 and 50°C. 


4.5 V for the well-ordered sample prepared with starting Li/Mn 
molar ratio of 1.05. As the charge/discharge curves illustrated 
above, there are one distinct oxidation peak at 3.7 V, one indis- 
tinct oxidation peak at 3.1 V, and two vague reduction peaks at 
2.6 and 3.9 V in the plot of first cycle. While the distinct peak 
at 3.7 V disappear, the redox peaks at 3 V become clear, and 
the redox peaks at 4 V appear in the second cycle. The char- 
acteristic redox peaks of spinel LiMn QO, at around 3.95 and 
4.10 V are observed in the plot of 7th cycle. The height of redox 
peaks around 3 and 4 V increase with cycling, indicating a pro- 
gressive formation of cycle-induced spinel phase, and become 
saturated after 38 cycles. These results are in consistent with 
those shown in Fig. 5(a), though capacity saturation is found at 
higher cycle number than that obtained from capacity retention 
study. In addition to the characteristic redox peaks, the continu- 
ous appearance of an additional oxidation peak at 3.8 V on the 
cyclic voltammograms after 18 cycles but not in the reduction 
stage is observed. The appearance of the additional peak has been 
observed previously from the differential capacity plots [16,36]. 
Although its origin is unknown, it is probably due to the compli- 
cated electrochemically active reactions of cycle-induced spinel 
upon charging. It is also worthy to note that the 3 V redox reac- 
tion exhibits larger apparent polarization than the 4 V reactions 
that can be seen from the potential difference of the redox peaks. 

Fig. 8 shows the cycling performance of the well-ordered 
o-LiMnO2 powder prepared with starting Li/Mn molar ratio 
of 1.05 and heat-treated at 800°C for 15h. Maximum dis- 
charge capacity of 158 mAh g7! after cycling 20 cycles and 
very low capacity loss of 3% between 20th and 80th cycles 
is obtained at 30°C. It indicates that even though the well- 
ordered o-LiMnO2 powder prepared by the Pechini’s method 
transforms into spinel-like phase upon cycling and the dis- 
charge capacity increases during the initial cycles as those of 
the powders prepared with solid-state reaction and wet chem- 
ical methods [18,20,25,27], however, the cycle-induced spinel 
derived from the powder demonstrates less significant deteriora- 
tion on the electrochemical properties after further cycling than 
those derived from powders prepared by wet chemical processes 
[22,25,26,27]. Like the results reported by Lee et al. [29], the 
sample exhibits even better cycling performance at 50 than at 


30°C with maximum discharge capacity of 190 mAhg~!. That 
may be attributed to the enhancement of Li* ion diffusivity in 
the host by increasing operation temperature. 


4. Conclusion 


Well-ordered o-LiMnOz powders with small particle size can 
be prepared successfully by a Pechini’s method with starting 
Li/Mn molar ratios of 1.00 and 1.05 followed by calcinations at 
300°C for 6h and heat-treatment at 800°C for 15 h under flow- 
ing nitrogen, while LigMnO3 and LiMn20;3 were also found in 
the samples prepared with Li/Mn higher than 1.10. The phase 
transformation of the orthorhombic phase into spinel one in 
the LigMnOx3 and LigMn2O, containing powders is more pro- 
gressive and the capacity fading is also more significant than 
the well-ordered o-LiMnO 2 sample. The sample prepared with 
starting Li/Mn molar ratio of 1.05 shows maximum capacity of 
158 mAh g7! at 30°C and 190 mAh g7! at 50 °C after 20 cycles 
with very low capacity fading. 
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